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Abstract 



Magnetization and Hall resistivity have been investigated for single crys- 
tals of Dy-doped Nd2Mo207. A sharp decrease of the Hall resistivity upon a 
metamagnetic transition, perhaps associated with magnetic-field {H) induced 
flop of Dy^+ moments, has been observed in the Dy-doped crystals only for 
H II [111] direction. In addition, the sign of the Hall resistivity at a high field, 
both for H \\ [100] and for H \\ [111], changes with the Dy-doping. These 
results are explained in terms of the sign change of Mo spin chirality that is 
controlled by the Dy^"*" moments with a different sign of f-d interaction from 
the Nd'^"*' moments. 

PACS number(s):75.47.-m, 75.30.Mb, 75.50.Cc 
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Transport properties in strongly correlated systems are largely affected by the config- 
uration of spin background. Typical example is colossal magnetoresistance phenomena in 
manganites [1], where magnitude of transfer interaction, and hence longitudinal conductiv- 
ity, is controlled by the degree of ferromagnetic spin correlation [2]. Recently, it has been 
argued [3-6] that non-trivial spin texture can give rise to quantal phase of the electron 
transfer interaction, and that the phase, which acts as a fictitious magnetic field, manifests 
itself as transverse conductivity. Experimental evidences for this mechanism of anomalous 
Hall effect (Berry phase mechanism) have been accumulated for various kinds of oxide ma- 
terials [7-11]. Among them, unconventional behaviors, such as temperature- variation and 
anisotropic magnetic field-dependence, of the anomalous Hall effect in Nd2Mo207 with py- 
rochlore structure [9,11,12] are considered as strong evidences for the Berry phase mechanism 
of anomalous Hall effect, although they are not interpreted as such in some literature [12]. 

The unique behaviors of the anomalous Hall effect in Nd2Mo207 arise from the complex 
magnetic structure [9,13] realized on that particular pyrochlore lattice. The lattice consists 
of two sublattices of Nd-site and Mo-site, both of which form corner-sharing networks of 
tetrahedra. One sublattice is obtained by displacing the other one by half a lattice constant 
along a crystallographic axis. The locahzed Nd-moment has Ising-hke anisotropy along 
the local (111) axis which differs from site to site, and the anisotropy of the Nd moment 
system is transmitted via f-d interaction to the Mo spin system, with which conduction 
electrons interact via Hund's-rule coupling. Sign reversal of the Hall resistivity at high 
fields applied along the [111] direction is explained [11] in terms of field- induced flipping 
of Nd moments and consequent sign change of fictitious magnetic field that penetrates a 
Mo-tetrahedron. On the other hand, a rather conventional behavior of anomalous Hall 
effect in Gd2Mo207 is ascribed [11] to the isotropic nature of Gd^+ moment without orbital 
angular momentum, and to the resultant absence of spin chirality in the Mo spin system. 
Therefore, the anisotropy of the magnetic moment of the rare earth ion is a key ingredient 
in this mechanism of anomalous Hall effect. In this paper, we fully exploit the fact that 
the spin chirality of the Mo system is controlled by the moment of rare earth species, and 
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report on the variation of the Hall resistivity with the partial Dy-substitution on the Nd- 
site. The Dy^+ with strong Ising-anisotropy [14-16] has a larger moment IO/xb) than 
the Nd^"*" (~ 2.3//b), and hence is more amenable to an applied field. Even more important 
is the fact that the Dy-Mo interaction is ferromagnetic as opposed to antiferromagnetic 
Nd-Mo interaction, as we will see. Therefore, Mo spins near the Dy moments are tilted 
in a different way from the undoped sample, which enables us to chemically control the 
spin-chirality related phenomena in terms of Dy-doping into Nd2Mo207. 

All the samples used in this study were single crystals prepared by a floating-zone method 
in Ar atmosphere. Powder X-ray diffraction measurements indicated that the samples were 
of single phase. Hall resistivity and magnetization measurements were done on the same 
sample for each Dy-concentration and sample orientation. The Hall resistivity was measured 
by using the conventional four-probe method. We extracted the odd component of Hall 
voltage with respect to the reversal of fleld direction in order to eliminate the longitudinal 
voltage drop due to the asymmetry of Hall voltage probes. 

In Figs.l(a-c), we show the magnetization process (field-decreasing run) of 
(Ndi_^Dy^)2Mo207 with x=0 (at 1.6 K), x=0.2 and a;=0.35 (at 2 K), whose Curie tem- 
peratures determined from ac-susceptibility measurements are 89 K, 80 K, and 76 K, re- 
spectively. The results of the undoped {x=0) sample were reproduced from ref. [11]. Applied 
field directions are along [100] (broken lines) and [111] (closed fines). The magnetization 
due to the Mo spin system in this temperature range is about 1.4/XB/(Nd,Dy)Mo03.5 [9], 
and is indicated by a horizontal dotted line. The magnetization process of the x=0 crystal 
can be viewed [11] as gradual fiipping process of Nd moments that are coupled antiferro- 
magnetically with Mo spins at zero field. The partial substitution of Dy moments produces 
an almost parallel shift of the magnetization curves toward higher values. The Dy moments 
in the pyrochlore lattice are well known [14-16] to behave like (111) Ising moment with 
larger magnitude 10//b) than that of Nd moment (r^ 2.3/xb). The Dy-doping dependence 
of the magnetization values at low (O T from the field-decreasing run) and high (14 T) 
field are shown in Fig.2(a). The increased magnetization at zero-field upon the partial Dy 
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substitution indicates that the interaction between Dy moments and Mo spin system is ba- 
sically ferromagnetic. As indicated by upward arrows in Figs. 1(b) and (c), a metamagnetic 
anomaly is clearly discerned at about 3 T in the Dy-doped samples when the field is applied 
along the [111] direction. We ascribe this anomaly to the collective flipping of minority part 
of Dy moments that point antiparallel to the net magnetization direction, as we will later 
discuss in detail. There is no trace of such a metamagnetic anomaly either in the case of 
H II [100] direction for any x or in the x—Q crystal for any field direction. 

In Figs.l(d-f), Hall resistivity (pjy) is plotted against magnetic field {H) for the samples 
with x=0, 0.2, and 0.35. The Hall resistivity of the undoped sample undergoes a sign change 
when H \\ [111], while gradually approaching zero for H \\ [100]. This behavior is in accord 
with the prediction by the Berry phase theory, and has been interpreted [11] in terms of 
field-induced sign reversal of the Mo spin chirality. The x=0.2 Dy-doped crystal also exhibits 
a similar feature with the x—Q crystal. For x=0.35, by contrast, the Hall resistivity shows a 
qualitatively different behavior in the high field region: The sign of pn changes from positive 
to negative when H || [100], while for H || [111] the sign remains positive. On the basis of 
chirality mechanism, this result implies that the Dy moments interacting ferromagnetically 
with the Mo spins may alter the sign of the Berry phase of Mo conduction electrons in an 
opposite way to the case of the undoped Nd2Mo207 in the high field region. The sign change 
of the high-field(14 T) Hall resistivity as a function of Dy doping is summarized for the both 
field directions in the Fig.2(b). In the low-doped region of a; < 0.25, the Hall resistivity at 
14 T is positive or almost zero, while it becomes negative for x = 0.35. Conversely, the Hall 
resistivity for H \\ [111] direction is negative for x < 0.25, but becomes positive at a; = 0.35. 

What is also unique for the Dy-doped crystal is a sudden decrease of Hall resistivity 
associated with the metamagnetic anomaly at about 3 T, as indicated by downward arrows 
in Figs. 1(e) and (f). The feature shows up most clearly in the a;=0.20 case, but is also 
discerned for a;=0.35. To show the temperature dependence of the anomaly, we show in 
Figs. 3(a) and (b) the magnetization and Hall resistivity of the x=0.2 sample, respectively, 
at various temperatures as a function of if || [111]. As the temperature is elevated from 2 K, 
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the magnetic field at which the anomaly occurs shifts gradually to lower field, and eventually 
disappears at about 50 K. In the inset to Fig. 3 is shown the relation between temperature 
and magnetic field where the metamagnetic transition is observed. The transition point is 
defined as the magnetic field where ^ value takes maximum at each temperature. 

In the case of the undoped sample, the Nd moments form umbrella structure, or "2-in 
2-out" structure [9,13], at a small enough field. The magnetic structure is depicted for H \\ 
[111] configuration in Fig.4(a), where H direction is upward. Figures 4(b)-(e) are the cases 
where only one Dy is doped into the single tetrahedron. (We neglect the cases where more 
than one Dy ions are included in the tetrahedron, for simplicity.) The configuration of the 
Dy moment is determined by the combined effect of f-d and /-/ interactions. The former 
is ferromagnetic as we have already noted, and the latter must be antiferromagnetic on 
the basis of the following argument. If the /-/ interaction could be neglected, all the Dy 
moments would point to the same direction as the Mo spins or the magnetic field even at 
a small enough field. In this case, the expected value of the magnetization increase upon 
the 20 % Dy doping at a small enough field would be 1.2//B/(Nd,Dy)Mo03.5 , which is 
much larger than the observed value of 0.6//B/(Nd,Dy)MoO3.5 (see Fig. 2(a)). Therefore, the 
/-/ interaction cannot be neglected and has to be taken into account. If the Dy moment 
substituted for the site 4 points antiparallel to the net magnetization as depicted in Fig. 4(e), 
the magnetization increase is expected to be 0.8 yUB/(Nd,Dy)Mo03.5 at 20 % Dy-doping. 
Provided that the doped Dy moments always point antiparallel to the replaced original Nd 
moments in the 2-in 2-out configuration, the anticipated variation of the spontaneous (if=0) 
magnetization is shown with a dotted line in Fig.2(a), which is very close to the observed. 
The configuration (e) is possible only when the Dy-Nd interaction is antiferromagnetic. Note 
that the antiferromagnetic Dy-Nd interaction is compatible with configurations (b)-(d) that 
are made by the ferromagnetic Dy-Mo interaction. When H is increased, the Dy moments 
at the site 4 collectively fiip so as to gain the Zeeman energy, at the expense of the Dy-Nd 
interaction energy. The collective flipping of Dy moments corresponds to the metamagnetic 
anomaly observed at around 3.5 T at 2 K. The observed jump of magnetization in the 20% 
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Dy-doped sample is about 0.3-0.4 /iB/(Nd,Dy)Mo03.5, which is in good agreement with the 
expected value of 0.33 /XB/(Nd,Dy)Mo03.5 for the spin-flip process (e)— (f) in Fig. 4. The 
interaction energy, or equivalently the molecular field from the Nd moments, which prevents 
Dy moments from flipping, grows in magnitude as the ordered moment of Nd increases. This 
is the reason why the temperature dependence of the metamagnetic anomaly (shown in the 
inset to Fig. 3) is qualitatively similar to the evolution of the ordered Nd moments. 

In the case of H \\ [100] as depicted in Fig.4(n), by contrast, all the Dy moments seem 
to point toward the field direction. This is because this configuration is compatible with 
the antiferromagnetic Dy-Nd as well as the ferromagnetic Dy-Mo interactions. In fact, the 
observed Dy-doping dependence of magnetization for a small H || [100] is in reasonable 
agreement with the expected value (a dashed line in Fig. 2(a)), which was derived again 
on the assumption that the doped Dy moment always points antiparallel to the original 
Nd moment. Therefore, all the Dy moments are already ahgned along the field direction 
at a small enough field, which explains why no metamagnetic anomaly is observed in the 
magnetization curve for H || [100]. 

Keeping these features of the (Nd,Dy) moment configuration in mind, we discuss the Hall 
resistivity anomaly upon the Dy-related metamagnetic transition as well as the Dy-doping 
induced sign reversal of Hall resistivity at a high field. As we have argued, the moments 
which show field- induced fiipping are the Dy moments at site 4 (Fig.4(e)). The magnetic 
structures of the tetrahedron right after the Dy fiipping are depicted in Figs. 4(f) and (g). 
For the purpose of simplicity, we assume that all the (Nd,Dy)-tetrahcdra which surround 
one Mo tetrahedron have the same magnetic structure. Then, the fictitious field changes 
the sign upon fiipping of Dy moment at site 4. The sign of the fictitious magnetic field 
that penetrates the Mo tetrahedron is indicated by "+" or "— " in the each panel of Fig.4. 
This gives rise to the sudden decrease of Hall resistivity. At a high enough field (e.g. 14 
T), all the Nd and Dy moments point to the field direction to gain the Zeeman energy, as 
shown in Figs.4(h)-(1). If we take into account the different sign of f-d interaction between 
Nd-Mo and Dy-Mo, the sign of the fictitious magnetic field becomes positive in some of the 
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tetrahedra that include Dy ions, as opposed to negative sign in the tetrahedra without Dy. 
Therefore, as the Dy concentration is increased, the number of the tetrahedra that include 
Dy increases, and eventually the sign of the Hall resistivity at the high field changes from 
negative to positive. On the other hand, when the strong magnetic field is applied along 
[100] direction, a tetrahedron that includes Dy ion makes a negative-sign contribution to 
the Hall resistivity (Fig.4(p)). Thus, the sign of the Hall resistivity changes from positive 
to negative, just in the opposite way to the case of H \\ [111]. 

In summary, we have investigated the anisotropic magnetization and Hall resistivity for 
a series of (Ndi_a;Dya;)2Mo207 single crystals. A metamagnetic anomaly is observed in the 
magnetization curve for H \\ [111]. The Hall resistivity shows a sudden decrease upon the 
metamagnetic transition. We attribute this anomaly to collective flipping of minority part 
of Dy moments, and the decrease of Hall resistivity to the sign change of fictitious field 
that penetrates Mo tetrahedra near the flipped Dy moments. As the Dy concentration is 
increased, the sign of the Hall resistivity at a high enough held has changed from negative 
to positive for H \\ [111], and vice versa for H \\ [100]. This is caused by the change of Mo 
spin tilting that is controlled by the Dy moments with different sign of f-d interaction from 
that of Nd. 

We would like to thank N. Nagaosa, S. Onoda and N. Hanasaki for enlightening discus- 
sions. This work was in part supported by a Grant-In-Aid for Scientific Research from the 
MEXT, Japan. 
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FIGURES 

FIG. 1. Magnetic field dependence of (a-c) magnetization and (d-f) Hall resistivity of 
(Ndi_a:Dya;)2Mo207 crystals with .t=0, 0.2, and 0.35 for the magnetic-field (H) directions, 
H II [100] and H \\ [111]. Arrows in (b,c) and (e,f) indicate the position of the metamagnetic 
anomaly. A horizontal broken line in (a-c) represents the contribution to the total magnetization 
from the Mo spins alone. 

FIG. 2. Dy doping (x) dependence of (a) magnetization at 2 K and at T and 14 T, and (b) 
Hah resistivity at 2 K and 14 T for (Ndi_a;Dyj;)2Mo207 with H \\ [100] and H \\ [111] geometries. 
Dotted lines are the x-dependence at OT calculated by assuming that the moment of the doped 
Dy points the opposite direction to the original Nd moment on the same site, as expemplified in 
(b)-(e) and (n) of Fig.4. Dashed lines are for the figh-field case calculated by assuming that all the 
Dy and Nd moments are aligned, while keeping the Ising anisotropy, toward the H direction, as 
shown in the right-most column (h)-(l), (o) and (p) in Fig.4. 

FIG. 3. (a) Magnetization and (b) Hall resistivity of (Ndi_a;Dy2:)2Mo207 with a;=0.2 at various 
temperatures are plotted against applied magnetic field (H) along [111]. The inset shows the 
relation between the field and the temperature (T) where the metamagnetic transition occurs. 

FIG. 4. The magnetic structure of rare-earth tetrahedra. In the panels (a)-(l) ((m)-(p)), mag- 
netic field (H) is applied along [111] ([100]) direction. Panels (a)-(e), (m), and (n) correspond to 
the cases with a small enough magnetic field while panels (h)-(l), (o), and (p) to the cases with a 
high magnetic field. Panels (f) and (g) represent the configuration right after the fiipping of Dy 
moments at site 4. Nd and Dy moments are represented by smaller and larger arrows, respectively. 
The " symbol indicates the sign of fictitious field that penetrates Mo tetrahedra. 
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